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Abstract 

The e"'"e~ e'^e^KgK^'^vr'F and e+e^ e^e^rj-K^-K^ final states are studied 
with the L3 detector at LEP using data collected at centre-of-mass energies from 
183 GeV up to 202 GeV. The mass spectrum of the KgK^vr^ final state shows an 
enhancement around 1470 MeV, which is identified with the pseudoscalar meson 
77(1440). This state is observed in 77 collisions for the first time and its two-photon 
width is measured to be 1^^,(7/(1440)) x BR(77(1440) ^ KKvr) = 212 ±50 (stat.) ± 
23 (sys.) eV. Clear evidence is also obtained for the formation of the axial vector 
mesons fi(1420) and fi(1285). In the r]7T~^iT~ channel the fi(1285) is observed, and 
upper limits for the formation of 7/(1440) and 7/(1295) are obtained. 
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1 Introduction 



Resonance formation in two-photon interactions offers a clean environment to study the spec- 
trum of mesonic states. In this paper we study the reactions 77 — > KgK^vr^ and 77 r^vr+Tr". 

The mass region between 1200 MeV and 1500 MeV is expected to contain several states pp. 
For the pseudoscalar sector {J^^ = the 77 (1440) meson, formerly known as E or l, is 
expected to be seen. The ?7(1440) was observed in hadron collisions and in radiative J decay, 
but not in two-photon collisions, and only upper limits of its two-photon width, F^^, of the 
order of 1 keV exist [2^Q\. Therefore the 77(1440) may be interpreted as a prominent glueball 
candidate due to its strong production in a gluon rich environment. There are, possibly, two 
pseudoscalars |1] in the 1440 MeV mass region: one at lower mass, t]l, which decays into aovr 
or directly into rjirn, and another at higher mass, tjh, decaying to K*K. The average masses 
and widths for these states P are listed in Table [H Taking into account also the 7^(1295), 
there are therefore three candidates for the first radial excitations of the pseudoscalar SU(3) 
nonet. If one of these states is a gluonium, its two-photon width is expected to be small with 
respect to a qq state. However, the gluonium interpretation is disfavoured by lattice gauge 
theories jS] which predict the lowest lying O""^ gluonium state to be above 2 GeV. More exotic 
interpretations such as a bound state of gluinos [Hj are also proposed. 

Axial vector mesons {J^^ = 1"*"^) are also present in these final states in the 1440 MeV 
mass region. The fi(1420) was observed in two-photon collisions, in the KKvr decay channel, 
by the CELLO [3 , TPC-27 Hj, JADE jH] and Mark II ^ Collaborations, the fi(1285) was 
seen [310] in the 'qir'^ir' decay channel. 

The data used here were collected by the L3 detector [Hlj at LEP from 1997 to 1999 at 
centre-of-mass energies between 183 GeV and 202 GeV, corresponding to a total integrated 
luminosity of 449 pb~^. These events were collected by the track triggers ^21- The analysis 
makes use of the dependence of the signal yield on the total transverse momentum = {J2 PtYi 
where the sum runs over all the observed particles. To a good approximation = Q"^, where 

is the maximum virtuality of the two photons. According to the Landau- Yang theorem jl4j . 
for real photons {Q^ ~ 0), the production of a spin— state is allowed while that of a spin— 1 
state is suppressed. In contrast, for virtual photons {Q^ > 0), the production of a spin— 1 state 
is allowed while that of a spin— state diminishes. Such behaviour is described by the effective 
form factors for the pseudoscalar and axial vector mesons. The form factors as a function of 

calculated [TH] for the 77 (1440) and for the fi(1420) are shown in Figure ^ The difference 
at ~ is clearly seen. 

2 Monte Carlo 

Two Monte Carlo generators are used to describe two-photon resonance formation: EGPC ^Hj 
and GaGaRes [T7j. The EGPC Monte Carlo describes the two-photon process as the product of 
the luminosity function for transverse photons ^H] and the resonance production cross section. 
The latter is generated according to a Breit-Wigner function with F^^ = 1 keV. The ratio of 
the measured cross section to that obtained with the Monte Carlo integration then gives F^^. 
The decay of the resonance is generated according to Lorentz invariant phase space. 

Events are generated for all the resonances of interest. For the K^K^n"^ channel this is 
done for masses of 1410 MeV, 1440 MeV and 1480 MeV and a full width of 50 MeV. For the 
?77r+7r~ channel, resonances are generated for the mass 1285 MeV with a full width of 20 MeV 
as well as for masses of 1405 MeV and 1440 MeV with 50 MeV full width. 
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To take into account the dependence of pseudoscalar and axial vector mesons, EGPC 
events are re-weighted according to the prediction of GaGaRes. This uses the exact matrix 
element for resonance production, e"'"e~ e"'"e~R, obtained from the hard scattering approach 

US]. 

The generated events are passed through the L3 detector simulation based on the GEANT 
|T9] and GEISHA ^| programs. Time dependent detector inefficiencies, as monitored during 
the data taking period, are also simulated. 

3 The e+e"^e+e-KgK=^7r=F channel 
3.1 Event selection 

Events are selected by requiring four charged particles in the central tracker, two tracks (K^vr^), 
coming from the interaction point, and a Kg decaying into tt+tt^ at a secondary vertex. For 
charged particle identification, consistency of the corresponding dE/dx measurement, with a 
confidence level CL>19^ is required. 

Events with photons are rejected where a photon is defined as an energy deposition in the 
electromagnetic calorimeter of more than 100 MeV in the polar angular range 0.21 < 6 < 2.93 
rad. No track should lie within 0.2 rad from the photon direction. 

The Kg TT^vr" is identified by: 

• a secondary vertex at least 3 mm away, in the transverse plane, from the interaction point; 

• the angle a, in the transverse plane, between the fiight direction of the Kg candidate and 
the direction of the total transverse momentum vector of the two outgoing tracks being 
smaller than 0.2 rad; 

• the momentum of the Kg candidate and the distance between the primary and the sec- 
ondary vertex being consistent with the Kg lifetime with CL>99%; 

• the effective mass of the two pions being within the mass region 0.46-0.53 GeV. 

KgKg background, arising from K/vr misidentification, is excluded by rejecting events with 
a second Kg in the mass range 0.48-0.51 GeV. Figure |2t presents the tt+tt" invariant mass 
spectrum for particles from the secondary vertex in events selected with < 0.2 GeV^. A 
Gaussian fit of the peak gives M = 496.7 ± 0.6 MeV and a = 9.0 ± 0.7 MeV, consistent with 
the Kg mass and the detector resolution. 

The K^tt"^ identification requires that: 

• the two tracks lie within three standard deviations from the interaction point both in the 
transverse plane and along the beam axis; 

• their dE/dx measurement must be consistent with a K^vr''' hypothesis, with the combined 
confidence level CL(K=^7r''') > 1%. A pion is identified if XdE/dxi'^^) < XdE/dxO^^) ~^ 

a kaon if XdE/dxO^^) < XdE/dxi'^^) particles are not identified, both hypotheses 

are taken, each with a weight of 0.5. 

To further improve the KgK^TT^ selection, additional requirements are used as a function of 
P^. For low P^ the dE/dx identification has high discriminating power as shown in Figure |2j3. 
For higher P^ the dE/dx performance degrades, but the vr+Tr^Tr+Tr^ background is smaller. 
The data are hence divided into two samples. 

X^E/dx evaluated for each particle identity, X^E/dx = {dE / dxmeasured - dE/dx expected)'^ / <^dE/dx 
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• For < 0.2 GeV^, the event is accepted if for the two tracks coming from the primary 
vertex, the two-pion hypothesis has a low confidence level, CL(7r^7r^) < 10^^, from the 
dE/dx measurement. 

• For P2 > 0.2 GeV^ either the previous requirement is satisfied or two long tracks are 
reconstructed at the primary vertex and the two tracks at the secondary vertex have a 
probability less than 30% to come from the primary vertex. 

3.2 dependence 

The selection results in the KgK^vr''' effective mass spectra shown in Figure El A clear peak is 
seen in the 1440 MeV mass region. The data are subdivided into four intervals of similar 
statistics in the peak region, in order to study the 77(1440) and fi(1420) contributions. 

A fit to a Gaussian plus second order polynomial background is performed for each P^ 
interval. The results are listed in Table |2l For the peak in the lowest P^ interval. Figure Ok, 
the mass and width, M = 1481 ± 12 MeV and cr = 48 ± 9 MeV, are compatible^ with those of 
the riH ■ In the highest P^ interval, 1 GeV^ < P^ < 7 GeV^, an fi(1285) signal is present, so 
this spectrum is fitted to two Gaussians plus a polynomial. 

The total efficiencies from the acceptance of the detector, the selection and trigger efficien- 
cies, are presented in Table |2l for each P^ interval. The detector acceptance and the selection 
efficiency, as well as the efficiency of the central track trigger, which varies from 0.97 at low P^ 
to 0.74 at the highest P^, are determined by Monte Carlo. Inefficiencies due to the higher level 
triggers, evaluated directly from the data, range from 2% to 8%. 

The cross section Act for each P^ interval, evaluated from the fitted number of events in the 
Gaussian peak, is listed in Table El The differential cross section da/dP^ is shown in Figure |31 
It is fitted, using the predictions for the dependence of ?7(1440) and fi(1420) production 
given by the GaGaRes Monte Carlo, to the following three hypotheses. 

• Pure pseudoscalar 77 (1440). This is excluded with a CL ~ 10~^, due to the high number 
of events observed at high Q^. 

• Pure axial vector meson fi(1420). This is excluded with a CL ~ 10^^, due to the strong 
peak at ~ 0. 

• Simultaneous presence of the ?7(1440) and fi(1420) resonances. This hypothesis leads to 
a CL ~ 9%, with 74 ± 10 events for the spin-0 particle and 42 ± 10 events for the spin-1. 

3.3 Two— photon width 

The two-photon width of the t] (1440) is determined using only the events with P^ < 0.02 GeV^, 
shown in Figure Ek- This cut selects events produced by quasi-real photons, dominated by the 
spin-0 state. The cross section measurement yields: 

1^^(77(1440)) X BR(r/(1440) -> K^(^ 7r+7r")K^7r^) = 49 ± 12 (stat.) eV. 

The most important systematic uncertainties result from varying the dE/dx cut (5%), the 
P^ cut (4.7%), and from the background subtraction and the shape of the resonance (8%). 

^^A Gaussian fit to a Breit-Wigner of F = 80 MeV, convoiuted with tlie resoiution function a ~ 20 MeV, 
gives cr = 47 MeV. 
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Using the result of the fit to the dependence, the contribution of the fi(1420) is estimated 
to be 1.5%. This contribution is not corrected for, but included in the systematic uncertainty. 

Taking into account the branching ratio values pp, BR(Kg tt+tt") and BR(K'^ K3), 
and the isospin factor KKtt / K'^K^tt^ the two-photon width for the KKvr decay channel is: 

1^^(77(1440)) X BR(7;(1440) ^ KKvr) = 212 ± 50 (stat.) ± 23 (sys.) eV. 

This value is consistent with the upper limit of 1.2 keV reported by the CELLO Collaboration 


3.4 Intermediate states 

To improve the statistics for the study of the intermediate decay states K*K and aovr the 
transverse momentum cut is released to P-^ < 0.2 GeV^. This doubles the statistics in the peak 
to 65 ± 11 events, as compared to the sample with < 0.02 GeV^, while the contribution 
of fi(1420) is still only ~10%. To search for signals due to K*(892) and ao(980), the Kvr 
and KgK± mass spectra in the 77(1440) region, 1370 MeV < M(KgK±7r^) < 1560 MeV, are 
investigated. The results are shown in Figure El A clear K*(892) signal is seen in the Kgvr^ and 
K^tt''' spectra. Gaussian fits over linear backgrounds give a mass and width consistent with the 
K*(892). Since the ao(980) region of the KgK^ mass lies entirely within the K* mass bands, 
no exclusive selection of this decay channel is possible. The KgK='= spectrum (Figure Eli) shows 
no clear evidence for the presence of the ao(980). With the present limited statistics no firm 
conclusion can be drawn concerning the possible presence of the rji aovr state in the data. 

4 The e+e~ — >e+e~?77r+7r~ channel 

4.1 Event selection 

The 7] is detected via its decay r] ^ 'j'j. The events are selected by requiring two pions of 
opposite charge and two photons, identified with the criteria defined in section ITTl In addition 
the most energetic photon must have energy greater than 300 MeV and the effective mass of 
the two photons must be inside the t] mass range, 0.47 — 0.62 GeV. Also a kinematical fit, 
constrained to the r] mass, is applied. 

After these cuts, 6444 events are selected with t^tt+tt" masses below 1750 MeV. The t^tt+tt" 
mass spectrum, shown in FigurejUK, is dominated by the ri'{958) resonance. A Gaussian fit gives 
M = 957.7 ±0.3 MeV and a = 7.9 ±0.3 MeV, corresponding to the expected mass resolution in 
this region. For masses of 1280 MeV and 1400 MeV, the expected resolutions are a = 20 MeV 
and 24 MeV respectively. 

4.2 Two— photon width 

The ?77r^7r~ mass spectrum for P^ < 0.02 GeV^ is shown in Figure IHb- No peak is seen in the 
region 1200—1480 MeV. The detection efficiency is 2% and includes the trigger efficiency, which 
varies from 60% to 75%. Corrections for the inefficiencies due to higher level triggers range 
from 10% to 35%. 

The absence of signals of 77 (1440) and 7^(1295) allows to calculate upper limits, at 95% CL 
on the Tjiin decay. Taking into account the branching ratio BR{ri 77) |1J and the isospin 
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factor rjTTTC / rjTC^TT , they are: 

r^^(r/(1440)) X BR(r7(1440) ^ r/vrvr) < 95 eV , 
r^^(r/(1295)) X BR(r7(1295) ^ r^Trvr) < 66 eV . 

They improve the hmits of the Crystal Ball Collaboration [2]. 

The peak around 1285 MeV, seen in Figure and absent in Figure IHb at ~ 0, is 
identified with the spin-1 state fi(1285). A Gaussian fit plus polynomial background gives 
M = 1280 ± 4 MeV and a = 21 ± 4 MeV. 

5 Discussion 

The two-photon width of the ?7(1440), calculated under the assumption that it is a member 
of the first radial excitation of the pseudoscalar nonet (21], is of the order of 0.1 keV. The 
ss content gives a negligible contribution. This is in agreement with our measurement, if we 
assume that BR(r/(1440) ^ KKvr) ~ 100%. 

If the 1] (1440) we observe is a gluon rich state, its stickiness parameter is expected to be 
large. The stickiness of a resonance R with mass and two-photon width F^^^-y is defined 
as: 

where Kj^^n is the energy of the photon in the J rest frame, / is the orbital angular momentum 
of the two initial photons or gluons {1 = 1 for 0~), Fj_,^r is the J radiative decay width for 
R, and Ni is a normalisation factor chosen to give 5*^ = 1. Using the present measurement of 
F^^(r7(1440)) X BR(r/(1440) KKtt) and F(J 7r/(1440) jKKn) = 79 ± 16 eV [T], a 
value of the stickiness Sr^ (imo) = 79 ± 26 is obtained. 

Another parameter, the gluiness (G), was introduced [SHIEI] to quantify the ratio of the 
two-gluon and two-photon coupling of a particle, it is defined as: 

2 \as/ iR^77 

where is the relevant quark charge, calculated assuming equal amplitudes for uii and dd and 
zero amplitude for ss. F^^gg is the two-gluon width of the resonance R, calculated from equa- 
tion (3.4) of Reference 1231 Whereas stickiness is a relative measure, the gluiness is a normalised 
quantity and is expected to be near unity for a qq meson. Using the present measurement of 
F^^(r7(1440)) X BR(r7(1440) ^ KKvr) and the average value of a,(1440 MeV) = 0.369 ± 0.022 
[T], a value G,,(i44o) = 41 ± 14 is obtained. 

From the upper limit in the r/TT+vr" channel and the value F(J — > 777(1440) 7?77r'^7r~) = 
26 ± 5 eV T] the limits 5^ 

(1440) > 87 and G',,{i44o) > 45 at 95% confidence level are obtained, 
compatible with the values obtained for the Ka^K^n^ decay channeP^ Both the stickiness and 
gluiness of the rj (1440) point to a large gluonium content in this resonance. For comparison, the 
rj' pseudoscalar meson has Sr,' = 3.6 ±0.3 and G^/ = 5.2 ±0.8 for a, (958 MeV) = 0.56 ±0.07 p. 

■^^ Although the coincidence can be fortuitous if these two final states correspond to two different pseudoscalars 
riL and rin- 
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6 Conclusions 



The pseudoscalar meson rj (lAAO) is observed for the first time in 77 colhsions. The two- 
photon width times branching ratio is measured to be Tj^lrj^lAAO)^ x BR(^?7(f440) KI^tt^ = 
212 ± 50 (stat.) ± 23 (sys.) eV. Its mass and width as well as the observation of a dominant 
K*(892)K decay are compatible with the characteristics of the tjh- The measured two-photon 
width is consistent with the value expected for a first radial excitation of the pseudoscalar 
nonet. At the same time tests designed to establish the gluon content of a resonance point to 
a strong gluonium admixture. 

No positive signal is observed for the 7]l state, either in the KgK^vr^ channel, where there 
is no clear evidence for an ao(980)7r decay, or in the 7777 '•"tt" channel. Upper limits for the 
two-photon width of the 7^(1440) and the 7^(1295) in the decay channel t^tt+tt" are determined. 

The high events show clear evidence for the formation of the axial vector mesons fi(1420) 
in the decay channel KgK^TT^ and for the formation of fi(1285) in both KgK^TT^ and rj7r~^7r~ 
channels. 
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State 


Mass (MeV) 


Width (MeV) 


r]L ri'K'K 
TjL —> KKtt 
rjH KKvr 


1405 ± 5 
1418 ± 1 
1475 ± 5 


56 ± 7 
58 ± 4 
81 ± 11 



Table 1: Average masses and widths for the pseudoscalars in the 1440 MeV region [Tj. 



AP|( 


GeV) 


Events 


M (MeV) 


a (MeV) 


CL (%) 


e(%) 


Aa (pb) 


0- 


0.02 


37 ±9 


1481 ± 12 


48 ± 9 


89 


1.03 ± 0.04 


8.0 ± 2.0 


0.02 


-0.2 


28 ±7 


1473 ± 11 


37 ± 8 


77 


0.85 ± 0.09 


7.4 ± 2.3 


0.2 


- 1. 


29 ±9 


1435 ± 10 


32± 10 


99 


1.74 ± 0.14 


3.7 ± 1.2 


1 


- 7 


21 ±6 


1452 ± 11 


35± 10 


55 


3.49 ± 0.24 


1.4 ± 0.4 


1 


- 7 


10 ±4 


1290 ± 12 


29± 10 







Table 2: Results of the Gaussian plus polynomial background fits performed on the mass spectra 
of Figure El The number of the events in the Gaussian, the mass M and the width a are listed 
with the error given by the fit. All fits reproduce the data well, as proven by the confidence level 
(CL) value. The partial efficiency e and the partial cross-section Act (errors include systematic 
uncertainties) are also given for each interval. 
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Figure 1: The form factors squared for ?7(1440) (solid line) and fi(1420) (dashed line) in 
two-photon formation. 
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Figure 2: The KgK^vr^ selection for P| < 0.2 GeVl a) The Kg mass spectrum as the invariant 
mass of TT+TT" coming from the secondary vertex, b) dE/dx of charged kaons and pions at the 
primary vertex. 
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Figure 3: KgK='=7r^ spectra for different bins. The fits of a Gaussian plus polynomial 
background arc superimposed on the data. In the highest bin, also the peak of the fi(1285) 
is present and the fit includes two Gaussians. 
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Figure 4: Differential cross section for the 1440 MeV mass region, as estimated from the 
Gaussian fit, as a function of in the KgK^TT^ channel The sohd hne is the sum of the 
?7(1440) and fi(1420) simulations fitted to the data. The partial contributions of ?7(1440) 
(dashed hne) and fi(1420) (dotted hne) are also shown. 
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Figure 5: Search for the K*(892)K and ao(980)7r states in the KgK^vr^ sample for P| < 
0.2 GeV^ in the r/(1440) region (1370-1560 MeV). The shadowed area displays the K*(892) 
bands (792 MeV < M{Kn) < 992 MeV). a) The scatter plot of Ktt combinations, b) and c) 
are the Kvr projections fitted with a Gaussian over a linear background, d) The KgK^ mass 
spectrum; the Breit-Wigner function with the ao(980) parameters is drawn with arbitrary 
normalisation. 
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Figure 6: The t/tt+tt^ mass spectra: a) total spectrum, the fit of a Gaussian plus polynomial 
background for the fi(1285) region is superimposed on the data; b) for < 0.02 GeV^, arrows 
show the location of 77 (1295) and 77 (1440). 
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